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Effect  of  Ionizing  Radiation  on  Physiological  Function 
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ALTER,  W.  a..  Ill  Catravas,  G.  N.,  Hawkins,  R.  N„  and  Lake.  C  R.  Eftct  of  Ionian* 
Radiation  on  PhyiiolcpcxJ  Function  in  the  Anesthetized  Rat  Radios.  Res.  99, 394-409  ( 1914). 

Exposure  of  pentoberbittl-anesthetized  rats  to  14.3-MeV  electrons  results  in  radiation-induced 
physrotofical  dysfunction.  Responses  include  transient  hypotension,  a  transient  decrease  m  heart 
rate,  respiratory  dysrhythmias,  and  a  prolonged  increase  in  pulse  pressure.  Ma*nitudcs  of  these 
responses  are  dose  related,  and  maximal  responses  can  be  elicited  by  either  whole-  or  partial- 
body  (head  or  abdominal)  exposure  to  10.000  tad.  These  responses  were  associated  with  a  fivefold 
increase  in  arterial  plasma  concentration  of  epinephrine,  whereas  histamine,  noreptnephnne. 
and  d-endotphin  did  notchanacdunn*  the  ftra  minute  after  the  onset  of  exposure.  Administration 
of  diphenhydramine,  a  histamine  receptor  antatomst  resulted  in  a  si*nificant  decline  of  baseline 
cardiovascular  function  and  inhibited  tadiauon-induced  cardiovascular  dysfunction.  The  di¬ 
phenhydramine-induced  decrease  in  pretxpowre  blood  pressure  was  reversed  by  an*iotensin 
infUsion.  but  this  procedure  failed  to  restore  tlw  mechanwnls)  responsible  for  the  cardiovascular 
responses  to  radiation.  Results  of  these  experiments  end  information  available  in  the  literature 
support  the  hypothesis  that  these  responses  are  due  to  in  interference  in  the  autonomic  pathways 
that  modulate  cardiovascular  function. 

INTRODUCTION 

Exposure  to  significant  doses  of  ionuin*  radiation  can  lead  to  acute  disturbances 
in  cardiovascular,  respiratory,  gastrointestinal,  and  neurologic  function.  Several  animal 
species,  including  man  (I,  2b  monkey  (3,  4),  and  rat  (5),  experience  hypotension 
and  performance  decrement  within  minutes  after  exposure  to  ionizing  radiation.  One 
oftheobviomcoaaequeoottofradiatioq-induced  hypotension  could  be  underperfusion 
of  the  critical  organs  (e.g.,  heart  and  brain)  that  normally  possess  intrinsic  and  extrinsic 
mechanisms  for  maintaining  tissue  blood  flow  in  the  presence  of  moderately  reduced 
blood  pressure.  If  the  hypotension  is  severe  and/or  the  compensatory  mechanisms 
have  teen  compromised,  then  radiation-induced  hypotension  can  be  a  major  con¬ 
tributing  factor  to  both  performance  decrement  </.  2)  and  the  myocardial  infarctions 
reported  in  patients  after  therapeutic  partial-body  radiation  (6), 

Beginning  with  the  early  work  of  Lewis  ( 7),  many  investigator  have  proposed  that 
histamine  is  the  primary  cause  for  several  of  the  acute  physiological  responses  to 
radiation.  Histamine  is  a  potent  vasoactive  substance  that  is  found  in  most  body 
tissues,  but  primarily  within  tissue  mast  cells  and  in  circulating  basophils.  Effects  on 
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the  vasculature  include  arteriolar  dilation,  venoconstriction,  and  increased  capillary 
permeability  (8),  and  it  is  these  factors  that  may  cause  radiation-induced  hypotension 
as  well  as  erythema  and  edema. 

Evidence  to  support  this  “histamine  hypothesis”  includes  the  finding  that  plasma 
levels  of  histamine  rise  postexposure  (9)  at  a  time  that  coincides  with  the  onset  of 
cardiovascular  dysfunction  (J.  4).  In  addition,  pretreatment  with  the  H,-receptor 
antagonist  chlorpheniramine  partially  inhibits  radiation-induced  performance  dec¬ 
rement  in  monkeys  ( 10)  and  rats  (11).  In  contrast,  pretreatment  with  48/80.  an  agent 
that  depletes  mast  cell  stores  (12),  does  not  inhibit  radiation-induced  erythema  in 
rats  (13).  These  findings  indicate  that  at  least  this  species  undergoes  vascular  responses 
that  do  not  appear  to  involve  histamine. 

One  of  the  primary  mechanisms  for  maintaining  systemic  arterial  blood  pressure 
within  the  normal  range  involves  activation  of  the  sympathetic  nervous  system.  In 
response  to  abrupt  decreases  in  blood  pressure  or  blood  volume,  increased  sympathetic 
activity  leads  to  cardioacceleration  and  peripheral  vasoconstriction.  It  is  proposed 
that  mechanisms  responsible  for  radiation-induced  cardiovascular  dysfunction  may 
include  dysregulation  of  sympathetic  nervous  system  function.  One  of  the  methods 
available  for  assessing  acute  changes  in  sympathetic  activity  is  measurement  of  plasma 
epinephrine  and  norepinephrine.  Low  levels  of  epinephrine  and  norepinephrine  post- 
exposure  might  indicate  inhibition  or  damage,  while  high  levels  might  indicate  ac¬ 
tivation  of  sympathetic  pathways.  Based  on  results  obtained  from  rats  during  endotoxic 
shock,  it  appears  that  the  release  of  endorphins  (an  opiate  peptide)  impedes  com¬ 
pensatory  mechanisms  by  inhibiting  sympathetic  output  from  the  brain  (14). 

This  study  was  undertaken  to  determine  the  effects  of  radiation  on  physiological 
function  in  the  anesthetized  rat  model.  Experiments  were  also  conducted  to  evaluate 
the  effect  of  radiation  on  plasma  levels  of  histamine,  epinephrine,  norepinephrine, 
and  0-endorphin.  Finally,  pretreatment  with  antihistamines  was  used  to  determine 
if  pharmacologic  intervention  could  interfere  with  a  mechanism(s)  responsible  for 
radiation-induced  physiological  dysfunction. 

METHOD5 

M«l«  Sprague-Dtwity  nut  |  XXM00  D  wrvad  as  the  animal  model  foe  these  experiments.  Number*  of 
Mtmels  used  forest*  (trie*  of  eapenmenu  appear  in  the  text  os  appropriate  table.  Each  was  anesthetued 
wth  pentobarbital  (fS  mg/kg,  tpk  sad  the  trachea  was  intubated,  A  catheter  was  insetted  into  the  femoral 
artery  to  measure  arterial  Mood  preaure  and  another  into  the  femora)  vein  to  administer  drugs.  Heart  raut 
wee  eompusadekeetrookeJbftom  the  interval  betwam  Wood  preasum  peeks  Body  wmptrature  was  maintained 

a  If  t  l*C  by  a  feedback  eoetralisd  heel  lamp,  triggered  by  change*  ta  rectal  temperature,  Respiratory 
activity  waadesaaad  at  rtuimaUi  airway  temperature  from  a  nottobmucting  thermocouple  located  ta  the 
tracheal  tube. 


RadMoneapttsuaaeemeonduaeaiaiheUneeraettleniorMtheAfmedFotraRAdiobwlogyReiesKh 

Imtm.  F<#  thaw  experiments,  the  electron  beam  was  scattered  through  a  water  target  thereby  providing 
as  ufluuv*  electro*  energy  of  14,3  MeV  to  the  animal*.  Dowmetry  was  conducted  daily  on  a  tuaue- 
aguivalcat  rat  phantom,  using  both  ionisation  chamber*  and  thermoluminescent  dosimeters. 

To  chaeaelerue  the  acute  physiological  responses,  difleredt  groups  of  rats  underwent  *  tote-body  exposure* 
at  dost*  of  l«X)  to  40.000  rad.  At  a  dote  of  10.000  rad,  the  elect*  of  dose  rate  MM  to  1 200  nid/sec)  were 
aleo  investigated.  Ta  determine  the  body  regions  moat  critical  to  these  response  *  other  group*  underwent 
pnmat^ody  radiation  exposures  <  10.000  rad),  la  which  either  the  midhead  or  midibdomen  served  a*  the 
*****  of  a  nrituma  field  30  cm  long  by  30  cas  tugh.  Remaning  portions  of  the  body  west  protaoad 


396 


ALTER  ET  AL. 


behind  a  lead  and  paraffin  shield,  which  reduced  the  effective  dose  at  the  midthorax  to  less  than  1%  of  the 
tenet  dose.  Repeated  parti aJ-body  or  whole-body  exposures  were  used  to  determine  if  the  mechamsmis) 
involved  in  these  responses  remained  intact  or  was  at  least  temporarily  Inactivated  by  an  initial  exposure. 

To  determine  the  effect  of  radiation  on  plasma  levels  of  vasoactive  factors,  arterial  blood  samples  were 
obtained  from  rats  that  were  connected  to  a  reservoir  (Fig.  l).  A  peristaltic  pump  withdrew  blood  from  a 
carotid  artery  catheter  into  the  reservoir  and  then  returned  blood  into  the  femoral  vein  at  a  flow  rate  of 
4  ml/min.  Before  starting  the  pump,  the  experimental  tat  was  hepannued.  and  the  reservoir  was  filled  with 
30  ml  of  Wood  drawn  by  aortic  puncture  from  anesthetized  donor  rats.  Once  the  exchange  transfusion 
began.  IJ  mm  were  allocated  for  mixing  blood  from  the  donor  rats  with  the  experimental  rat’s  blood. 
Arterial  blood  samples  were  drawn  from  the  reservoir  input  line  while  output  *o  the  animal  continued. 
This  permitted  the  withdrawal  of  five  samples  at  the  expense  of  reservoir  residual  volume  while  the  ex¬ 
perimental  rat’s  blood  volume  was  maintained  relatively  constant.  Each  Wood  sample  was  drawn  over 
I  mm  at  10  min  before  exposure  and  at  0,  10.  and  30  min  after  the  onset  of  exposure.  Each  animal  then 
received  48/80  <iv>  at  32  min  postexposure  to  evaluate  the  integrity  of  mast  cell  stores  of  histamine.  A 
final  blood  sample  was  drawn  5  mtn  after  this  final  injection.  The  zero  time  sample  consisted  of  blood 
that  had  left  the  animal  at  the  onset  of  radiation.  By  increasing  the  dose  rate  to  1200  rad/sec  for  this  series 
o  experiment*,  radiition  was  completed  within  9  sec*  thus  making  it  possible  for  an  investigator  to  enter 
the  exposure  room  and  obtain  this  zero  time  sample  before  it  entered  the  reservoir. 

One  milliliter  of  arterial  blood  was  immediately  separated  from  each  sample  and  used  to  determine 
arterial  blood  gases  I/O},  pCOj)  and  pH  to  ensure  that  spontaneous  respiratory  activity  provided  adequate 
gas  exchange.  The  remaining  blood  was  kept  on  ice  until  ii  was  centrifuged  (within  20  rain);  then  the 
plasma  was  removed  and  prepared  for  the  study  of  selected  vasoactive  factors.  All  plasma  samples  were 
kept  frozen  at  -70*C  until  analyzed.  Vasoactive  factors  analyzed  in  this  study  (with  name  of  technique 
in  brackets)  included  htstamine-lilce  activity  [spectroOuorometnc  US)],  epinephrine  and  norepinephrine 
(radioenzymauc  Ud)|,  and  d<adorplun*Uke  activity  (radioimmunoassay  (V7)|,  Several  hematologic  and 


F«.  I.  Recircuktion  technique  for  repealed  Wood  sampling  from  u anesthetized  rat.  Cart**  anenal 
SET0"  *5*  ^  *U  int0  ,h*  vewt  at  the  sure  rate 
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metabolic  parameters  were  matured  to  ensure  that  use  of  the  peristaltic  pump  and  extracorporeal  reservoir 
did  not  adversely  affect  the  Mood,  thereby  producing  an  unstable  preparation.  Each  of  these  parameters 
was  measured  in  arterial  blood  obtained  from  the  irradiated  rats  (<V  -  ?)  and  from  another  group  (N  »  6) 
that  underwent  sham  exposure.  Metabolic  status  was  assetyd  by  measuring  plasma  levels  of  glucose  [automated 
analyser  (/$)],  lactate  and  pyruvate  [spectrophotometnc  (19)],  and  plasma  protein  [spectrophotometnc 
(20)).  Standard  laboratory  procedures  were  used  to  measure  hematocrit,  hemoglobin  concentration,  red 
blood  cell  (RBC)  fragility,  RflC  concentration,  white  blood  cell  (WBC)  concentration,  and  a  differential 
WBC  count. 

To  determine  whether  pharmacologic  intervention  could  inhibit  the  physiological  responses  to  radiation, 
groups  of  rats  received  intravenous  injections  of  H,-receptor  antagonists  alone,  or  this  was  pven  in  combination 
with  10  mg/kg  of  an  Hr  receptor  antagonist,  cimetidine.  Effectiveness  of  receptors'  blockade  was  evaluated 
in  preliminary  experiments  in  which  the  dose-response  curve  for  the  blood  pressure  response  to  histamine 
was  obtained  before  and  alter  administration  of  these  drugs.  For  the  radiation  experiments.  H, •antagonist 
doses  selected  were  those  that  resulted  in  at  least  a  1 00- fold  increase  in  the  histamine  dose  required  to 
cause  a  half-maximum  hypotensive  response  (chlorpheniramine.  20  mg/ kg;  diphenhydramine.  10  mg/kg; 
pynlamine,  10  rag/kg). 

Results  obtained  in  these  studies  wee  analyzed  for  statistical  differences  between  baseline  and  postradiation 
values  by  using  Student's  t  tar,  for  pored  data  with  the  Bonferrom  modification  (2/)  whenever  repeated 
comparisons  with  the  baseline  value  were  made  within  group*.  Comparisons  between  different  groups  of 
rats  were  made  by  using  Student's  r  ten  for  unpaired  data.  Data  presented  in  this  report  are  mean  values 
and  the  standard  errors  of  the  mean. 

RESULTS 

In  the  initial  series  of  experiments,  pentobarbital-anesthetized  rats  had  baseline 
physiological  values  of  119  ±  6  mm  Hg  for  mean  arterial  pressure.  39  t  2  mm  Hg 
for  pulse  pressure,  39S  ±  14  beats/min  for  heart  rate,  and  79  ±  6  breaths/rain  for 
respiratory  rate.  Groups  of  rats  were  exposed  to  14.  S*MeV  electrons  at  doses  ranging 
from  1000  to  40.000  rad.  Threshold  for  acute  physiological  dysfunction  was  between 
1000  and  2000  rad.  and  irradiation  resulted  in  a  transient  decline  in  blood  pressure. 
Figure  2  shows  the  effect  of  dose  on  the  percentage  decrease  in  mean  arterial  pressure 
recorded  during  the  tint  minute  alter  the  onset  of  irradiation.  Magnitude  for  radiation- 
induced  hypotension  reached  a  maximum  level  after  5000  rad. 

Typical  responses  to  radiation  obtained  in  these  studies  are  shown  in  Fig.  3A. 
Exposure  to  10.000  rad  resulted  in  a  hypotensive  episode  (32 1 4%)  that  was  accom¬ 
panied  by  a  small  but  consistent  decrease  in  heart  rate  (7  ±  4%).  Only  the  decrease 
in  mean  arterial  pressure  was  significantly  different  ( P  <  0.01)  from  baseline  values. 
Both  mean  arterial  pressure  and  heart  rate  returned  to  baseline  levels  within  2  min 
after  the  onset  of  exposure,  and  at  this  time  an  increase  in  pulse  pressure  and  a 
decrease  in  respiratory  rate  became  evident.  In  this  group  that  received  10.000  rad. 
pulse  pressure  rose  by  21  ±  3%,  whereas  respiratory  rate  fell  by  28  ±  6%  by  5  min 
after  the  onset  of  exposure.  Both  increases  in  pulse  pressure  and  respiratory  dysfunction 
were  greater  at  doaes  above  10,000  rad.  For  example,  rat*  that  received  40.000  rad 
(N  -  6)  experienced  a  hypotensive  response  (34  t  5%)  that  was  followed  by  a 
45  ±  6%  increase  in  pulse  pressure  after  5  min.  whereas  respiratory  rate  fell  by  48 
£  18%;  in  addition,  respiratory  tracings  indicated  that  most  animals  were  also  dyspneic. 

Effect  of  dose  rate  on  radiation-induced  physiological  dysfunction  was  also  inves¬ 
tigated  by  exposing  rats  to  10,000  rad  over  a  range  of  180  (IV  -  7)  to  1200  rad/sec 
(N  *  8).  An  example  of  responses  obtained  at  the  highest  done  rate  is  shown  in  the 
lower  panel  of  Fig.  3B.  Magnitude  of  the  hypotensive  response  is  not  significantly 
different  from  that  observed  at  the  lowest  dose  rate.  However,  an  increase  in  pulse 
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Fig.  2.  Effects  of  radiation  dose  on  percenuje  decrease  in  mean  arterial  pressure  of  anesthetized  rets. 
At)  exposures  were  to  14.5-MeV  electrons  delivered  at  a  rate  of  ISO  red/sec.  Doses  used  were  I.  2.  3. 4. 
3.  10. 25.  and  40  tired.  Data  points  represent  x  a  SEM  for  uoupt  of  sia  or  more  animals. 
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pressure  (30  ±  10%)  during  the  hypotensive  phase  was  evident  in  animals  exposed 
at  the  highest  dose  rate.  The  degree  of  respiratory  dysfunction  was  also  more  severe, 
and  included  episodes  of  apnea  and  dyspnea  within  30  sec  after  the  onset  of  exposure. 
As  can  be  seen  in  the  respiratory  activity  tracing  in  Fig.  3B.  a  brief  period  of  apnea 
followed  by  dyspnea  was  evident  within  the  first  minute  after  the  onset  of  exposure. 
Although  respiratory  rhythm  recovered,  rate  declined  by  48  ±  18%  at  5  min  post* 
exposure  and  then  gradually  returned  to  preexposure  levels  over  the  next  10  min. 

To  determine  the  body  regions  most  critically  involved  in  initiating  the  hypotensive 
response,  groups  of  rats  received  partial-body  radiation,  and  the  results  were  compared 
to  animals  that  received  whole-body  radiation.  A  minimum  of  seven  animals  was 
used  in  each  group;  results  are  summarized  in  Table  I.  All  groups  had  similar  levels 
of  mean  arterial  pressure  before  radiation.  One  group  of  rats  received  an  initial  dose 
of  10.000  rad  to  the  head  region,  and  this  resulted  in  a  27  ±  3%  decrease  in  mean 
arterial  pressure.  Repeating  this  exposure  after  10  min  failed  to  elicit  significant 
changes  in  any  of  the  measured  physiological  parameters.  Subsequent  exposure  of 
the  abdominal  region  in  this  same  group,  however,  elicited  a  hypotensive  response 
(33  ±  6%)  that  was  not  significantly  different  from  that  observed  for  the  initial  head 
exposure.  Repetition  of  this  abdominal  exposure  failed  to  produce  any  physiological 
responses.  A  second  group  of  rats  received  abdominal  exposure  before  head  exposure. 
Magnitudes  of  radiation-induced  hypotension  recorded  for  the  initial  regional  exposures 
(abdominal  *  34  ±  7%;  head  *  33  ±  6%)  in  this  second  group  were  not  significantly 
different  from  those  described  for  the  first  group  that  had  received  head  irradiations 
before  abdominal  irradiations.  Table  I  also  shows  that  repeated  whole-body  exposures 
10  or  30  min  after  an  initial  whole-body  exposure  failed  to  produce  any  significant 
physiological  responses. 


TABLE  i 

EffiKti  of  Repeated  Expoturo  to  10,000  rad  on  the  Acute  Hypotensive  Response  ofAnwthetised  Rats' 

Basdint  Ptrttntait  dtatat  m  mttm  antttal  pmsurt 


mtenvtmv 

Group 

,V 

pttuurt  tmm  HQ 

lu  hits* 

2nd  Pultt 

Jrd  Puls* 

4th  Pulit 

Whole  body  illkrua 
intervals) 

Whole  body  (JO-oia 

1 

119  a  6 

-32  t  3 

-3  5  2 

*2  s  1 

*2s\ 

intervals) 

7 

123  si 

-31  s  4 

-2  e  6 

Hted 

Head 

Abdomtn 

Abdotntn 

10 

123  £6 

-v  si 

-2  £2 

-33  £6 

-3*2 

Abdemtn 

Atdomm 

Ht*! 

Hied 

Abdominal-head 

1 

123*9 

-34  t » 

“2  £  4 

-33*6 

-3*4 

Soit  All  data  are  i  e  SCM. 

*  Interval  between  exposures  was  10  min  except  for  animals  us  the  second  whok-bodynnaduud  group 
wtuch  were  irradiated  30  min  after  the  urinal  exposure. 
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Blood  samples  obtained  from  rats  undergoing  continuous  exchange  transfusion 
(Fig.  1)  revealed  that  radiation  elicited  prompt  changes  in  several  parameters,  which 
coincided  with  cardiovascular  and  respiratory  dysfunction.  Before  exposure,  one  group 
of  rats  (N  =  7)  had  a  respiratory  rate  of  73  ±  4  breaths/min.  which  provided  adequate 
arterial  blood  gases  (p02  =  74.7  ±  5.4  mm  Hg;  pC 02  -  47.6  £  2.1  mm  Hg)  and  pH 
(7.33  ±  0.02).  Sham-irradiated  rats  (N  =  6)  had  a  higher  baseline  respiratory  rate  (83 
±  6  breaths/min).  This  was  associated  with  a  similar  arterial  p02  (77.8  ±  4.1  mm 
Hg)  but  a  lower  pC02  (39.6 £ 4.5  mm  Hg)  and  a  higher  pH  (7.38  ±  0.2)  than  recorded 
in  the  irradiated  group.  Exposure  to  10.000  rad  resulted  in  respiratory  dysfunction, 
which  included  a  trend  toward  a  decline  in  rate  to  52  £  8  breaths/min  during  the 
period  of  radiation-induced  hypotension.  However,  this  did  not  result  in  hypoxia 
(pOi  ■  77.7  £  7.9  mm  Hg)  or  acidosis  (pC02  *  41.0  ±  3.0  mm  Hg;  pH  »  7.36 
±  0.03).  There  were  also  several  incidences  of  respiratory  arrhythmias  during  the  fint 
few  moments  postexposure.  Rate  remained  depressed  even  10  min  postradiation 
(58  ±  4  breaths/min).  but  blood  gases  and  pH  were  not  significantly  different  from 
those  measured  immediately  postradiation.  There  were  no  significant  changes  in 
respiratory  function  in  the  sham-inadiated  group  over  this  same  interval. 

Baseline  plasma  glucose  levels  in  the  irradiated  and  sham-irradiated  groups  were 
145  £  8  and  133  £  5  mg%,  respectively.  Radiation  resulted  in  a  gradual  increase  that 
reached  241  ±  |7  mg%  by  30  min  postradiation.  This  value  was  significantly  different 
from  the  baseline  value  in  the  irradiated  group  (P  <  Q.Ql).  and  was  also  somewhat 
(but  not  significantly)  greater  than  glucose  levels  (174  ±  21  mg%)  obtained  in  the 
other  group  at  a  similar  time  after  sham  exposure. 

Hematologic  data  revealed  that  lymphocyte  concentrations  were  82.3  £  3.1%  in 
the  irradiated  group  and  somewhat  higher  in  the  sham-irradiated  group  (90.8  £  2.6%). 
By  30  min  postexposure  there  was  a  significant  (P  <  0.01)  decline  in  percentage 
lymphocytes,  which  reached  73.1  ±  1.5%  in  the  irradiated  group.  In  contrast,  this 
parameter  did  not  change  in  the  sham-irradiated  group.  None  of  the  other  metabolic 
or  hematologic  parameters  that  were  measured  showed  any  significant  change  over 
the  course  of  these  experiments. 

In  the  irradiated  group  attached  to  the  reservoir,  baseline  mean  arterial  pressure 
was  1 14  £  7  mm  Hg  and  heart  rate  was  385  t  14  beats/min.  Exposure  to  10.000 
rad  resulted  in  a  significant  (P  <  0,01)  hypotensive  responr  *36  *  3%)  and  a  small 
decrease  in  heart  rate  <3  £  1%).  Blood  pressure  results  and  prjsma  levels  of  the  four 
vasoactive  factors  measured  in  these  experiments  are  sumraatued  in  Table  It.  Arterial 
blood  obtained  during  the  first  minute  after  the  onset  of  irradiation  revealed  that 
norepinephrine,  d-endorphin,  and  histamine  did  not  change  significantly,  whereas 
epinephrine  mat  fivefold.  Also  there  was  a  highly  significant  (P  <  0.001)  negative 
corretirioo  (r  -  -0.795)  between  the  change  in  the  logarithm  of  epinephrine  and 
mean  arterial  pressure.  Over  the  postexpoiure  period,  mean  arterial  pressure,  histamine, 
and  0-endorphin  remained  near  baseline  values,  whereas  epinephrine  remained  el¬ 
evated  and  norepinephrine  rose  to  peak  values  at  10  min  but  then  subsided  somewhat 
by  30  min.  Within  the  sham-irradtated  group,  mean  arterial  pressure  decreased  some¬ 
what  over  the  experimental  period,  and  there  was  a  gradual  increase  in  plasma  epi¬ 
nephrine.  while  values  of  the  other  vasoactive  factors  remained  near  baseline  values. 
Animals  in  both  groups  received  1.0  mg/kg  of  48/80  to  evaluate  the  integrity  of 
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TABLE  I! 


Effect  of  10.000  nd  on  Mean  Arterial  Pressure  and  Plasma  Levels  of  Vasoactive  Factors 


Group 

Time 

'mm/ 

- 

10 

0  to  1 

mo 

* 10 

-10 

4S/80 

« 

Mean  arterial  preuure 

R 

II* 

*  7 

ys 

3M 

109  = 

6 

113  £ 

4 

?8  £ 

4* 

imm  H|i 

S-R 

119 

£  6 

12*  £ 

5 

103  £ 

4 

105  £ 

ii 

T3  £ 

10* 

Hiuarame 

R 

3* 

£  6 

29  £ 

4 

23  £ 

<«» 

28  £ 

3 

989  £ 

91* 

Ing/ml) 

S-R 

21 

2  4 

21  £ 

4 

19  £ 

3 

21  £ 

4 

UT2  £ 

288* 

Epmepbnne 

R 

in 

£  52 

330  £ 

106*“ 

291  £ 

99 

683  £ 

1*6' 

1218  t 

*12* 

ipt/ml) 

S-R 

98 

£  *2 

116  £ 

32 

194  £ 

82* 

3*0  £ 

116* 

2303  * 

ITS* 

Norepinephrine 

R 

130 

£  21 

1*1  £ 

IT 

132  £ 

39** 

290  S 

61 

*T6  * 

TO* 

lpt/ml) 

S-R 

108 

£  22 

116  £ 

24 

I04S 

18 

119  £ 

33 

185  £ 

*9* 

d-Emlotphm 

R 

:*62 

£  27S 

2691  £ 

’01 

259T  £ 

162 

2040  £ 

119 

*000  £ 

680* 

ipf/ml) 

S-R 

2311 

£  294 

2611  £ 

332 

226T  £ 

419 

11*6  s 

T12 

3611  £ 

111* 

Vote  All  values  are  t  s  SEM.  R  *  Irradiated  iroup  I.V  •  ’>  S-R  «  Stum-undmed  group  I.V  •  6). 

•  Data  were  obtained  )  min  alter  admirmttition  of  t  0  mg/kg  of  *1/10 

•  Significantly  different  from  pfttrtaimeM  iradiauon  or  *1/10)  value  IP  <  001V 

•  Sigruftoruly  different  from  dura  irouo  value  tP  <  001). 


mast  cell  stores  of  histamine.  For  the  irradiated  group,  there  was  a  35-fold  increase 
in  histamine,  which  resulted  in  a  marked  decrease  in  mean  arterial  pressure 
(26  s  5%),  while  pulse  pressure  increased  (22  ±  5%)  and  respiratory  rate  decreased 
( 14 *  ?%)  by  5  min  after  48/80.  Associated  with  these  changes  were  a  fivefold  increase 
in  epinephrine  and  approximately  twofold  increases  in  norepinephrine  and  3-en¬ 
dorphin.  Administration  of  48/80  to  the  sham-irradiated  group  increased  plasma 
histamine  to  a  level  that  was  not  significantly  different  from  that  measured  in  the 
irradiated  group.  In  addition,  cardiovascular  and  respiratory  responses  were  not  sig¬ 
nificantly  different  from  those  obtained  in  the  irradiated  group.  There  were  also 
comparable  changes  in  plasma  epinephrine,  norepinephrine,  and  3-endorphin. 

Based  on  these  results,  it  appears  that  postexposure  physiological  dysfunction  is 
not  a  consequence  of  radiation-induced  release  of  histamine,  (t  is  possible,  however, 
that  irradiation  did  result  in  an  increase  in  histamine  that  was  locally  effective  on 
the  vasculature,  but  that  it  was  then  metabolized  too  rapidly  for  this  technique  to 
detect  changes  in  arterial  plasma  levels.  A  second  possibility  is  that  the  assay  was  not 
sensitive  enough  to  detect  plasma  levels  of  histamine  that  cause  radiation-induced 
physiological  dysfunction. 

To  evaluate  the  first  possibility,  a  second  series  of  reservoir  experiments  were 
conducted  in  which  experimental  rats  (iV  *  81  were  preireated  with  ammoguamdine 
to  inhibit  htsummase  (22).  in  addition,  these  rats  were  artificially  respired  at  a  rate 
of  92  ±  2  breaths/min  and  at  a  tidal  volume  of  3.0  mi.  which  increased  arterial  pO- 
(87.2  *  5.4  mm  Hg).  But  this  was  not  significantly  greater  than  that  measured  in  the 
spontaneously  respiring  group  (74.7 1  5.4  mm  Hg).  Baseline  values  for  mean  arterial 
pressure ( 107  a  5  mm  Hg),  histamine (28.7  *  3, l  ng/tnl).  and  epinephrine  (lOOi  22 
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pg/ml)  were  not  significantly  different  from  the  values  shown  in  Table  II.  wh.reas 
norepinephrine  ( 189  ±  25  pg/ml)  was  significantly  higher  (P  <  0.05)  in  the  artifically 
respired  group.  Plasma  levels  of  Endorphin  and  the  other  hematologic  and  metabolic 
parameters  were  not  measured  in  these  experiments.  Exposure  to  10.000  rad  elicited 
a  hypotensive  response  that  was  similar  in  magnitude  (40  ±  5%)  to  those  responses 
observed  in  earlier  experiments.  Once  again,  plasma  epinephrine  increased  fivefold, 
whereas  neither  histamine  nor  norepinephrine  changed  during  this  response.  These 
results  indicate  that  pretreatment  with  aminoguanidine  did  not  reveal  any  increase 
in  plasma  levels  of  histamine  during  radiation-induced  physiological  dysfunction. 

Yet  to  be  answered  was  the  question  of  whether  the  technique  was  sensitive  enough 
to  detect  increased  plasma  histamine  that  can  cause  these  hypotensive  episodes.  To 
evaluate  this  issue,  a  final  series  of  reservoir  experiments  was  performed  on  rats 
(N  *  3)  that  received  aminoguanidine  and  were  artificially  respired.  These  rats  received 
an  intravenous  infusion  of  histamine  at  a  manually  adjusted  rate  to  produce  a  hy¬ 
potensive  response  (Fig.  4)  similar  to  that  recorded  from  irradiated  rats  (see  Fig.  3 A). 
Arterial  blood  samples  obtained  during  the  hypotensive  response  revealed  a  fivefold 
increase  in  the  plasma  histamine.  In  addition,  a  small  increase  in  heart  rate  was 
recorded  during  histamine-induced  hypotension. 

Experiments  described  up  to  this  point  do  not  support  the  hypothesis  that  histamine 
is  responsible  for  radiation-induced  physiological  dysfunction  in  the  rat.  This  appears 
to  contradict  available  data  from  other  species  indicating  that  radiation  induces  an 
increase  in  plasma  levels  of  histamine  and  that  pretreatment  with  antihistamines 
inhibits  many  of  the  acute  physiological  responses  to  radiation  (9-11).  To  evaluate 
the  effectiveness  of  antihistamines  in  rats,  groups  were  pretreated  with  combinations 
of  histamine  receptor  antagonists  before  exposure  (Table  III)  to  10,000  rad.  Untreated 
rats  (Group  I)  experienced  a  30 1 6%  decline  in  mean  arterial  pressure  after  irradiation. 
This  was  accompanied  by  a  small  decrease  in  heart  rate  (9  ±  5%),  whereas  respiratory 
rate  declined  (14  ±  4%)  and  pulse  pressure  rose  (25  ±  3%)  by  5  min  postexposure. 
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Fio.  4.  Typical  cardiovascular  response  to  an  intravenous  histamine  infusion.  Plasm*  hisumine  levels 
were  measured  in  arterial  Wood  obtained  from  an  meahetutd  rat  (pretreated  with  aminoguwidine)  that 
was  connected  to  a  blood  reservoir. 
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TABLE  III 


Effect  of  Histamine  Receptor  Antagonists  on  the  Mean  Arterial  Blood  Pressure 
(mm  Hg)  Response  to  10.000  rad 


Group 

N 

Baseline 

Postdrug 

Angiotensin 
and  respirator1 

10.000  rad 

I.  Untreated 

7 

118  £  9 

81  £  8 

II.  Chlorpheniramine  +  cimetidine 

7 

127  £  11 

110  £ 

I0# 

94  £  7 

III.  Diphenhydramine  +•  cimetidine 

7 

130  £  7 

98  £ 

8* 

96  £6 

IV.  Diphenhydramine  cimetidine 

7 

134  £  2 

90  £ 

6* 

136  £  6 

141  *  7 

V.  Diphenhydramine 

12 

US  £  4 

95  £ 

5‘ 

118  £  S 

112  £  S 

VI.  Cimetidine 

6 

US  £  8 

112  £ 

9 

69  £  5» 

VII.  Pynlamme  +  cimetidine 

6 

132  £  9 

94  £ 

9* 

134  *  6 

136  £5 

VIII.  Angiotensin  +  respirator 

8 

112  £  4 

146  £6 

113  £  4* 

Soft.  Chlorpheniramine,  20  mg/ kg;  diphenhydramine,  10  mg/kg;  pyrilamine,  10  mg/kg;  cimetidine,  10 
mg/kg.  All  data  art  x  £  SEM. 

*  Angiotensin  infusion  (0.06  £  0.02  ag/mtn)  and  respirator  were  used  to  restore  and  maintain  cardiovascular 
and  respiratory  function  after  antihistamines  were  administered. 

*  Significant  decrease  [P  <  0.0 1 )  from  the  previous  mean  arterial  pressure  value  within  group. 


This  pattern  of  radiation-induced  physiological  dysfunction  was  similar  to  that  de¬ 
scribed  in  the  earlier  experiments.  Pretreatment  with  chlopheniramine  and  cimetidine 
(Group  II)  reduced  by  one-half  the  magnitudes  of  the  hypotensive  response 
( 14  ±  3%)  and  the  increase  in  pulse  pressure  (II  ±3%)  while  the  respiratory  rate 
still  decreased  (II  ±  3%)  an  amount  comparable  to  that  recorded  in  the  untreated 
group  (1).  Pretreatment  with  diphenhydramine  and  cimetidine  (Group  HI)  completely 
abolished  the  hypotensive  response;  in  fact,  mean  arterial  pressure  rose  gradually  (12 
±  8%)  over  the  10-min  postexposure  observation  period.  This  group  also  failed  to 
show  any  decrease  in  respiratory  rite,  but  the  increase  in  pulse  pressure  (28  ±  5%) 
at  5  min  postexposure  was  comparable  to  that  recorded  in  the  untreated  group  (I). 
Neither  of  these  antihistamine-treated  groups  (II  or  III)  experienced  any  significant 
decrease  in  heart  rate  during  the  immediate  postradiation  period. 

One  possible  explanation  for  the  increased  effectiveness  of  diphenhydramine  over 
chlorpheniramine  (both  were  used  in  combination  with  cimetidine)  is  that  the  former 
had  a  greater  effect  on  baseline  cardiovascular  function.  The  depressions  in  mean 
arterial  pressure  (22  ±  5%)  and  heart  rate  (20  ±  3%)  induced  by  diphenhydramine 
were  almoit  twice  u  great  as  those  induced  by  chlorpheniramine  (13  ±  3%  and 
13  ±  4%,  respectively).  Both  combinations  of  drop  produced  similar  depressions  in 
respiratory  rate  (approximately  10%).  To  determine  if  these  reductions  in  (Unction 
were  responsible  for  inhibition  of  radiation-induced  physiological  dysfunction,  di¬ 
phenhydramine  and  cimetidine  were  administered  to  another  group  of  rats  (IV),  but 
ventilation  was  maintained  by  a  respirator  and  blood  pressure  was  maintained  by  an 
iaftmon  of  angiotensin  (0.06  ±  0.02  jig/min).  Despite  these  efforts,  heart  rate  remained 
18  *  2%  below  the  level  present  before  any  antihistamines  were  administered,  and, 
most  importantly,  radiation  still  (ailed  to  elicit  any  hypotensive  response. 

To  determine  which  of  the  histamine  receptor  antagonists  was  primarily  responsible 
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for  blockade  of  radiation-induced  hypotension,  rats  were  pretreated  with  either  di¬ 
phenhydramine  or  cimetidine.  Once  again,  pretreatment  with  diphenhydramine 
(Group  V)  induced  a  significant  decline  in  mean  arterial  pressure  and  heart  rate; 
therefore,  these  animals  received  angiotensin  and  were  artificially  respired.  Radiation 
did  not  elicit  any  physiological  dysfunction  in  this  group.  In  contrast,  pretreatment 
with  cimetidine  alone  (Group  VI)  did  not  affect  baseline  cardiovascular  function, 
and  radiation  elicited  a  hypotensive  response  (38  ±  3%)  somewhat  greater  than  that 
observed  in  the  untreated  group.  To  determine  if  the  inhibition  of  radiation-induced 
physiological  dysfunction  was  unique  to  diphenhydramine,  another  Ht  antagonist, 
pyrilamine.  was  administered  in  combination  with  cimetidine  (VII).  This  reduced 
the  preexposure  values  for  mean  arterial  pressure  and  heart  rate;  therefore,  these  rats 
also  received  angiotension  and  were  artificially  respired.  Exposure  of  Group  VII  failed 
to  elicit  any  hypotensive  response.  To  insure  that  angiotensin  was  not  responsible 
for  these  results,  rats  in  Group  VIII  were  artificially  respired  and  received  angiotensin. 
Irradiation  of  this  group  elicited  a  22  ±  2%  decline  in  mean  arterial  pressure  while 
heart  rate  decreased  5  ±  1%.  As  in  the  previous  irradiation  groups,  both  parameters 
recovered  to  baseline  levels  within  2  min. 

DISCUSSION 

These  experiments  indicate  that  irradiation  of  the  pentobarbital-anesthetized  rat 
results  in  prompt  disruption  in  physiological  function.  Cardiovascular  responses  include 
a  marked  drop  in  mean  arterial  pressure  and  a  small  but  consistent  decrease  in  heart 
rate.  Both  parameters  usually  return  to  baseline  values  within  2  min  postexposure. 
In  addition,  pulse  pressure  usually  increased  and  remained  elevated  up  to  at  least  10 
min  postexposure.  Under  conditions  of  this  study,  the  threshold  for  the  cardiovascular 
responses  was  between  1000  and  2000  rad.  with  maximum  responses  recorded  at 
doses  of  5000  rad  or  more.  Respiratory  function  undergoes  a  consistent  pattern  of 
decreased  rate,  whereas  episodes  of  apnea  and  dyspnea  occur  irregularly;  however, 
the  respiratory  dysrhythmias  appear  to  have  an  increased  incidence  at  doses  above 
10,000  rad. 

Characteristics  of  the  cardiovascular  responses  to  radiation  in  the  rat  are  different 
from  those  reported  for  other  species.  Both  man  (/.  2)  and  monkey  (J.  4)  undergo 
a  severe  and  prolonged  hypotensive  episode  after  exposure  to  doses  above  1000  rad. 
Onset  of  this  response  is  delayed  somewhat,  and  minimum  blood  pressures  are  far 
lower  in  the  monkey  (4)  than  in  the  rat.  In  the  present  study,  mean  arterial  pressure 
decreased  by  25  to  40%  in  response  to  radiation,  but  it  never  fell  to  the  extent  that 
was  reported  in  monkeys  (3,  4).  Earlier  studies  on  the  cardiovascular  responses  to 
radiation  in  the  rat  (23)  did  not  report  any  acute  hypotensive  phase;  however,  radiation 
doses  and  dose  rata  were  tower  than  those  used  in  the  present  study.  More  recently, 
Mkkky  (24)  repotted  that  conscious  rats  experience  a  decline  in  tail  artety  pressure 
that  coincida  with  performance  decrement  during  the  first  30  min  after  receiving 
10,000  rad  of  14.5-MeV  electrons.  It  is  not  clear  how  changes  in  tail  artery  pressure 
after  radiation  relate  to  aortic  pressure,  because  it  ha  been  shown  (25)  that  the  former 
decreases  markedly  in  the  irradiated  rat  at  a  time  when  aortic  pressure  is  unchanged. 
Results  of  the  present  study  also  show  that  after  the  brief  hypotensive  phase,  blood 
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pressure  measured  in  the  femoral  artery  is  not  depressed  during  the  first  30  min 
postexposure.  It  is  possible  that  these  changes  in  tail  artery  pressure  after  radiation 
may  be  related  to  disturbances  in  thermoregulatory  function  in  the  rat.  since  the  tail 
serves  as  an  integral  part  of  this  process.  This  explanation  is  supported  by  the  findings 
of  acute  disturbances  in  temperature  regulation  in  the  irradiated  rabbit  (26). 

Most  of  the  evidence  accumulated  in  the  literature  indicates  that  histamine  plays 
an  important  role  in  the  acute  physiological  responses  to  radiation.  Plasma  histamine 
levels  increased  markedly  within  minutes  after  monkeys  received  4000  rad  of 
y  radiation  (9).  and  pretreatment  with  chlorpheniramine  partially  inhibited  both 
radiation-induced  hypotension  and  performance  decrement  in  this  same  species  (70). 
Results  of  the  present  study  indicate  that  radiation  does  not  produce  any  detectable 
increase  in  plasma  histamine  for  at  least  30  min.  Furthermore,  the  inability  of  radiation 
to  cause  a  hypotensive  response  when  either  partial-body  or  whole-body  exposures 
were  repeated  suggests  that  the  active  factor(s)  present  in  the  head  and  abdominal 
regions  was  depleted  by  the  initial  exposures.  It  is  apparent,  however,  that  tissue  stores 
of  histamine  were  not  depleted  by  radiation,  because  administration  of  48/80  within 
30  min  after  radiation  produced  a  marked  increase  in  plasma  histamine  and  a  decrease 
in  mean  arterial  pressure.  These  changes  were  comparable  to  those  recorded  from 
sham-irradiated  rats. 

Differences  in  responses  between  the  rat  and  the  monkey  after  high  doses  of  radiation 
are  somewhat  surprising  because  both  species  undergo  severe  and  prolonged  hypo¬ 
tensive  responses  after  administration  of  endotoxin  (rat  ( 27);  monkey  (25)].  In  the 
monkey,  cardiovascular  responses  to  both  radiation  and  endotoxin  may  be  mediated 
by  similar  mechanisms,  because  it  was  found  that  pretreatment  with  sublethal  radiation 
protected  against  the  acute  responses  to  endotoxin  (29).  The  transient  nature  of  the 
hypotensive  episode  after  radiation  in  the  rat  versus  the  prolonged  response  to  en¬ 
dotoxin  (27)  suggests  that  the  causal  mechanisms  for  these  responses  may  be  different 
in  this  species. 

Other  possible  candidates  for  a  rote  in  the  acute  physiological  responses  to  radiation 
include  opiate  peptides  (27),  bradykinin  (25),  and  prostaglandins  (30).  All  have  been 
implicated  in  the  physiological  changes  associated  with  endotoxic  and  anaphylactic 
forms  of  shock.  In  the  present  study,  plasma  levels  of  one  opiate  peptide,  /5-endorphin, 
were  found  to  be  markedly  increased  over  levels  reported  in  conscious  rats  (76),  and 
radiation  failed  to  alter  these  levels,  whereas  48/80  doubled  the  concentration  of 
dendorphin.  These  results  do  not  support  the  hypothesis  that  /5-endorphin  plays  an 
important  role  in  these  responses  to  radiation,  but  it  must  also  be  stated  that  this 
evidence  does  not  eliminate  the  possibility  that  other  opiate  peptides  are  involved. 

Both  bradykinin  (57)  and  prostaglandins  (52)  satisfy  many  of  the  criteria  required 
for  factors  that  may  be  responsible  for  the  physiological  responses  to  radiation  in  the 
ret  Both  are  widely  distributed  throughout  the  body,  are  potent  vasodilators,  and 
are  rapidly  metabolized.  Future  studies  will  be  directed  toward  determining  the  possible 
role  of  these  Actors  in  radiation-induced  physiological  dysfunction. 

Another  pouibie  explanation  for  these  responses  involves  a  radiation-induced 
depression  of  sympathetic  nerve  influence  on  the  cardiovascular  system.  Evidence  is 
available  that  the  baroreceptor  ref lex  is  impaired  during  the  period  of  radiation- 
induced  hypotension  in  monkeys  (4).  Radiation  exposure  of  the  rat  may  lead  to  a 
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transient  disruption  in  autonomic  activity,  resulting  in  the  hypotensive  episode.  If 
these  pathways  were  not  affected  by  radiation,  this  magnitude  of  hypotension  should 
have  led  to  a  reflex  increase  in  heart  rate  (as  was  recorded  during  histamine  infusion, 
see  Fig.  4)  instead  of  the  decrease  that  was  consistently  observed  in  these  experiments. 

Inhibition  of  radiation-induced  cardiovascular  dysfunction  by  Hi -receptor  antag¬ 
onists  may  be  related  to  their  effects  on  these  same  autonomic  pathways.  Antihistamines 
are  well  known  for  their  ability  to  depress  heart  rate  and  blood  pressure  (33).  This 
appears  to  be  due  to  an  anticholinergic  affect  (34)  at  the  level  of  the  autonomic 
ganglia.  In  the  present  study,  angiotensin  was  used  to  restore  the  vascular  tone  (Table 
III)  that  was  depressed  by  diphenhydramine  and  pyrilamine.  Despite  this  effort,  ra¬ 
diation  failed  to  elicit  physiological  dysfunction,  which  indicated  that  restoration  of 
blood  pressure  was  not  the  key  factor  needed  to  reestablish  radiation-induced  car¬ 
diovascular  dysfunction.  This  finding  is  not  unexpected  when  it  is  considered  that 
angiotensin  acts  on  the  peripheral  vasculature  and  would  not  have  directly  affected 
antihistamine-induced  depression  in  sympathetic  activity.  This  contention  is  supported 
by  the  finding  that  angiotensin  restored  blood  pressure  but  did  not  affect  heart  rate, 
which  remained  depressed  in  the  antihistamine-treated  rats.  In  rats  that  did  not  receive 
antihistamines,  angiotensin  (Table  III.  Group  VIII)  raised  preexposure  blood  pressure 
but  did  not  eliminate  radiation-induced  hypotension.  Magnitude  of  this  response  was 
reduced  somewhat  (22  ±  5%),  compared  to  that  recorded  in  untreated  rats  (Group 
I  *  30  ±  5%).  This  may  have  been  due  to  the  reduction  in  sympathetic  tone  in  these 
animals  because  the  higher  blood  pressure  would  reduce  baroreceptor  stimulation. 
Further  studies  are  required  to  confiitn  this  hypothesis  of  radiation-induced  decrease 
in  sympathetic  tone.  This  effect  must  be  relatively  brief  because  cardiovascular  function 
recovered  within  2  to  3  min  postexposure. 

The  highly  significant  correlation  between  mean  arterial  pressure  and  change  in 
the  log  of  epinephrine  is  consistent  with  the  hypothesis  that  radiation  led  to  a  selective 
increase  in  adrenal  output.  A  generalized  increase  in  sympathetic  activity  should  have 
also  ted  to  a  parallel  increase  in  plasma  norepinephrine;  however,  this  was  not  observed 
until  10  min  postexposure  (Table  II).  If  this  were  a  reflex-related  increase  in  epinephrine, 
then  levels  should  have  fallen  by  10  min  postexposure  by  which  time  mean  arterial 
pressure  had  recovered;  however,  this  did  not  occur,  and  plasma  epinephrine  remained 
elevated  for  at  least  30  min  (Table  II).  This  relationship  between  blood  pressure  and 
plasma  epinephrine  is  recorded  in  rats  after  hemorrhage  (35).  Plasma  epinephrine 
fell  as  blood  pressure  recovered.  Results  of  the  present  study  are  more  consistent  with 
the  hypothesis  that  radiation  initiated  a  mechanism(s)  that  directly  or  indirectly  in¬ 
creased  the  adrenal  output  of  epinephrine.  An  alternative  explanation  for  the  increase 
in  plasma  epinephrine  might  be  that  there  is  an  impairment  in  the  enzymatic  pathway 
responsible  for  catecholamine  breakdown.  Although  the  present  study  does  not  directly 
address  this  possibility,  the  fivefold  increase  in  epinephrine  during  the  first  minute 
after  the  onset  of  R  strongly  suggests  that  this  response  is  due  to  an  increased  release, 
because  this  sample  is  drawn  from  the  arterial  side  and  most  of  this  blood  has  net 
yet  passed  though  the  liver  (the  primary  site  of  breakdown  for  circulating  catechol¬ 
amines). 

Should  the  cause  for  the  cardiovascular  responses  to  radiation  involve  changes  in 
autonomic  neural  activity,  the  question  remains  concerning  how  exposure  initiates 


EFFECT  OF  RADIATION  ON  THE  RAT  407 

these  events.  Since  exposure  of  either  the  head  or  abdominal  regions  results  in  car¬ 
diovascular  responses  comparable  to  those  recorded  after  whole-body  exposure  (Table 
I),  it  is  apparent  that  these  responses  are  initiated  by  the  release  of  factors  from  the 
irradiated  tissues  and  that  sufficient  amounts  are  released  even  with  partial-body 
radiation  to  cause  a  maximal  change  in  the  involved  pathways.  Stores  of  the  factors) 
appear  to  be  completely  depleted  by  one  exposure,  and  based  on  results  obtained 
from  repeated  whole-body  exposures,  these  stores  are  not  reconstituted  for  at  least 
30  min.  Once  again,  it  is  doubtful  that  mast  cell  stores  of  histamine  are  involved, 
because  48/80  can  still  initiate  both  hypotension  and  an  increase  in  plasma  histamine 
at  a  time  when  radiation  fails  to  cause  cardiovascular  dysfunction. 

With  regard  to  the  changes  in  respiratory  function  of  irradiated  rats,  it  is  readily 
apparent  that  radiation  causes  a  consistent  decrease  in  rate  for  up  to  10  min  post¬ 
exposure.  Episodes  of  dyspnea  and  apnea  during  radiation-induced  hypotension  were 
recorded  on  several  occasions  and  were  most  consistent  at  the  highest  doses  (40,000 
rad)  and  dose  rates  (1200  rad/sec).  Despite  the  significant  decrease  in  rate,  hypoxia 
and  acidosis  did  not  develop  after  rats  received  10,000  rad.  Although  this  was  not 
evaluated  quantitatively,  there  did  appear  to  be  an  increase  in  the  depth  of  respiration 
(Fig.  3B).  The  later  change  was  sufficient  to  maintain  adequate  gas  exchange.  Pre- 
treatment  with  diphenhydramine  abolished  the  decrease  in  respiratory  rate,  and  these 
animals  did  not  experience  any  dyspneic  or  apneic  episodes;  however,  these  experiments 
were  not  conducted  under  conditions  where  maximal  respiratory  dysfunction  might 
have  been  expected  (dose  rate  for  these  experiments  was  180  rad/sec).  Therefore, 
further  studies  are  needed  to  clarify  the  protective  effect  of  these  agents  for  maintenance 
of  postexposure  respiratory  rate. 
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